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Abstract

:

For the production of high-strength fasteners, bar sections are used, which must withstand significant cold plastic deformation and, therefore, are subjected to a special heat treatment. In the present work, the dependences of the microstructure and mechanical properties of round bars with diameters of 17 mm and 21 mm made of 32CrB4 steel on the heat treatment modes are established. During the study, the methods of optical and scanning electron microscopy, mechanical tests, and hardness measurements were used. Dependences of the degree of spheroidization of the ferrite–pearlite structure and mechanical properties on the spheroidizing annealing mode have been established. It is shown that preliminary obtainment of a bainitic or martensitic structure of rolled products after hot-rolling of steel accelerates the process of pearlite spheroidization. Additional heat treatment, including austenitizing, quenching, and tempering, allows obtaining fasteners of various strength classes: 8.8, 9.8, and 10.9. However, with a guaranteed receipt of strength characteristics for all strength classes, including 12.9, the problem arises of achieving the required values of the relative elongation of steel.
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1. Introduction


High-strength fasteners are widely used in mechanical engineering, automotive, shipbuilding, and construction industries and other branches of technology. The traditional process for manufacturing them is heading and/or cold forging of steel round bars [1]. The bar sections used for this must have the specified mechanical properties and high-quality characteristics to ensure the capacity for cold upsetting [2,3]. To improve the mechanical properties of finished products, they are subjected to a final heat treatment, including quenching and tempering [4].



In real-world practice, for the production of high-strength bolts, medium-carbon and alloyed steels containing boron, manganese, and chromium are usually used, for example, 10B21, 20MnTiB, 32CrB4, and 34Cr4 [4]. These alloying elements increase strength and hardenability. A feature of boron addition is a significant increase in hardenability at very low concentrations (thousandths of a percent) [5,6].



The typical microstructure of medium carbon steel round bars after hot-rolling is composed of ferrite and lamellar pearlite. Steel with lamellar pearlite morphology has inferior deformability and plasticity than cementite globular morphology [7]. Therefore, in order for the steel round bars to withstand significant plastic deformation during cold forging, it is preliminarily subjected to spheroidizing annealing. However, long spheroidizing annealing times (10 to 24 h) are often required, which is energy-intensive [7,8]. Since at the present time energy saving is becoming the most important, the development of technologies for the production of bar sections is facing a similar challenge [9]. Therefore, many studies have been carried out to develop various methods to accelerate the spheroidization process: deformation of pearlite [8,10,11], refinement of the original microstructure after rolling [12,13,14,15,16], cyclic heat treatment [17,18], subcritical annealing [7,19], and others. At the same time, the choice of the optimal modes for preliminary treatment and spheroidizing annealing is still carried out in relation to specific steel grades and production conditions. For boron steels, this information is limited, and for 32CrB4 steel, it is not available.



This work is devoted to the study of the evolution of the structural state and properties during the production of fasteners from boron-containing steels of the 32CrB4 grade. Particular attention is paid to the processes of obtaining a spheroidized pearlite structure of steel, which controls its manufacturability during cold forging, as well as the possibility of achieving mechanical properties of the resulting fasteners corresponding to various strength classes.




2. Materials and Methods


Hot-rolled round bars of industrial production with a diameter of 17 and 21 mm from 32CrB4 steel, the chemical composition of which is presented in Table 1, were investigated.



To ensure the correctness of the analysis of the effect of the spheroidizing annealing mode and microstructure on the ability to cold forge, the metallurgical quality of the obtained bar sections was preliminarily investigated. Analysis of the microstructure and the decarburized layer was carried out using a NEOPHOT-21 optical microscope (Carl Zeiss, Oberkochen, Germany). The surface of the microsections was etched with a Nital solution (a 4% solution of nitric acid in ethyl alcohol). Nonmetallic inclusions were identified by scanning electron microscopy (SEM) using a JSM-6610LV microscope (JEOL Ltd., Tokyo, Japan) with an INCA Energy Feature XT attachment for energy dispersive analysis. The total oxygen and nitrogen content in round-rolled products was determined by the method of reducing melting in an inert gas flow on a Leco TC-136 instrument (LECO Instruments GmbH, St. Joseph, MI, USA).



To study the effect of the annealing mode on the intensity of the pearlite spheroidization process, various temperature and time parameters were selected (Table 2). The temperatures Ac1 and Ac3 for the investigated steel were found by thermodynamic calculation using our own software (Bardin TsNIIChermet, Moscow, Russia) [20]. Their values were 740 and 794 °C, respectively.



From the data in Table 2, it can be seen that the temperatures of spheroidizing annealing are below Ac1 by 40 °C (mode No. 1), below Ac1 by 10 °C (mode No. 2), and higher than Ac1 by 20 °C (mode No. 3). In addition, a mode with continuous slow cooling from the two-phase region (760 °C) to a temperature below Ac1 by 50 °C (mode No. 4) was investigated as well as a method of short-term heating to a temperature above Ac1 by 20 °C with accelerated cooling to 690 °C and subsequent isothermal exposure (mode No. 5). According to the modes presented in Table 2, samples of round bars with a diameter of 17 and 21 mm, lengths of 10 and 120 mm in the initial hot-rolled state, were annealed in a tubular electric resistance furnace equipped with a thermostat that allows to set and measure the temperature with an accuracy of ±1–2 °C for any selected mode. The efficiency of different modes of spheroidizing annealing was determined by studying the structure of annealed samples of round bars using the method of visual determination of the ratio of globular and lamellar pearlite.



In order to study the effect of the structural state of round bars after hot-rolling on the efficiency of the pearlite spheroidization process, samples of hot bar sections with a diameter of 17 and 21 mm and a length of 10 and 120 mm were preliminarily subjected to austenitization at 860 °C for 30 min, followed by quenching in oil, cooling on air, as well as with a furnace. Microstructure analysis was performed using a NEOPHOT-21 optical microscope (Carl Zeiss, Oberkochen, Germany) and a JSM-6610LV scanning electron microscope (JEOL Ltd., Tokyo, Japan). The assessment of the quantitative ratio of structural components was carried out after the analysis of 10 images of samples.



To assess the possibility of manufacturing high-strength fasteners of various strength classes made of 32CrB4 steel, a study of the effect of the processes of quenching and tempering round-rolled samples at various temperatures on the mechanical properties was carried out. The research methodology was as follows. Samples of round bars with a diameter of 17 and 21 mm, with a length of 120 mm, were subjected to austenitization in a tube furnace at 860 °C for 1 h, followed by quenching in oil. After cooling to room temperature, the samples were tempered in the same furnace at temperatures from 400 to 550 °C.



Mechanical properties were determined using a tensile testing machine HECKERT FP-100/1 (VEB MWK Fritz Heckert, Chemnitz (Karl-Marx-Stadt), Germany (GDR): tensile strength (σB), yield strength (σ0.2), relative elongation (δ), relative reduction (Ψ).



To assess the hardenability of the steel under study after quenching, the microhardness was measured using Struers Duramin-20 tester (Struers ApS, Ballerup, Denmar) on microsections made from the middle part of hardened samples, in diameter with a step of 0.5 mm. If it was necessary to analyze hardness values in other units of measure, hardness conversion tables according to DIN 50150 were used.



To assess the average value of hardness, the method for determining the Rockwell hardness by means TK hardness tester (Krasnolit plant, Krasnodar, USSR) with a load of 150 kgf was used.




3. Results


3.1. Mechanical Properties and Microstructure of Hot-Rolled Round Bars


The results of determining the mechanical properties of the original round bars are presented in Table 3.



From the data in Table 3, it follows that two batches of round bars have similar values of mechanical properties, which indicates their independence from the diameter.



The results of the study of the microstructure showed that the samples of round bars have a ferrite–pearlite microstructure with a 50/50 ratio of pearlite and ferrite. According to the estimate, the size of ferrite grains and pearlite colonies is about 10 microns. A typical view of the microstructure of round bars with a diameter of 17 mm is shown in Figure 1.




3.2. Metallurgical Quality Study


The results of the study by the methods of light microscopy showed that the hot-rolled bars have partial decarburization of the surface with a depth of 0.3–0.6% of the diameter of the bars (Figure 2).



From the data in Figure 2, it follows that the specimens contain rather short (less than 10% of the circumference) single sections of local partial decarburization, which, most likely, are formed during hot-rolling.



To assess the metallurgical quality of the steel, the characteristics of the nonmetallic inclusions present were studied by SEM and local X-ray spectral analysis, as well as the determination of the total oxygen and nitrogen content in the axial and near-surface zones of the rolled product. The results are shown in Table 4 and Figure 3.



From the data in Table 4 and Figure 3, it can be seen that the main types of nonmetallic inclusions are oxide inclusions based on calcium aluminates, aluminum–magnesium spinel, and titanium nitride. Despite the relatively low values of the total oxygen content (20–25 ppm), it can be seen that the metal contains a fairly large number of oxide inclusions, including large ones up to 20–30 microns in size. This indicates that a significant contribution to the considered value is made by oxygen, which is part of the chemical composition of nonmetallic inclusions, and there is a possibility of increasing the steel purity from nonmetallic inclusions due to their assimilation by the cover slag. The data in Figure 3 indicate that large oxide inclusions during rolling form lines with a length of up to 100–200 microns. Additionally, rolled manganese sulfide inclusions with a length of 40–60 microns were detected. It is important to note that the bars contain accumulations of large titanium nitride inclusions of 5–10 microns. Their content in the axial zone of the bars is much higher. From the data in Table 4, it follows that the presence of such inclusions is due to the high nitrogen content in the steel. It is obvious that the presence of the described types of nonmetallic inclusions can adversely affect the service characteristics of high-strength fasteners, including fatigue strength, corrosion resistance, and operational reliability. Nevertheless, tests of round bars after spheroidizing annealing for cold upsetting at 1/3 of the original height of the cylindrical specimen showed a positive result. Consequently, the presence of nonmetallic inclusions in the investigated rolled products does not lead to a significant decrease in its quality characteristics.




3.3. Study of the Influence of the Spheroidizing Annealing Mode on the Microstructure and Mechanical Properties


Figure 4 and Table 5 show the type of microstructure of the investigated round bars and its characteristics after spheroidizing annealing was carried out according to various modes (Table 2).



From the data in Table 5 and Figure 4, it can be seen that annealing modes No. 1 and No. 3 are the least effective. After spheroidizing annealing according to these modes, the fraction of globular pearlite does not exceed 5%. It can be seen that holding at a temperature below Ac1 by 40 °C practically does not lead to an increase in the fraction of globular pearlite. This may indicate that the process of cementite globulization had a low thermodynamic stimulus and transformation rate. Despite the close results obtained after holding at a temperature of 760 °C (mode No. 3), it can be assumed that in this case, cementite was partially dissolved in the formed austenite. Due to the rapid cooling from the two-phase region, processes occurred, leading to the formation of lamellar pearlite. Holding the metal at a temperature below Ac1 by 10 °C (mode No. 2) made it possible to achieve a degree of pearlite globulation of 35%. Since the holding temperature practically corresponded to the Ac1 temperature, a further increase in the fraction of globular pearlite without a transition to the two-phase region is only possible with an increase in the duration of annealing or a change in the structural state of the metal before annealing. The most interesting results were obtained in annealing modes in which heating to the temperature of the corresponding two-phase region was performed, followed by slow and accelerated cooling to a temperature below Ac1 by 50 °C. With an identical duration of annealing (4 h), it was possible to increase the proportion of spheroidized pearlite from 5–35% to 65–80%.



The mechanical properties of cylindrical samples of round bars with a diameter of 17 mm and a length of 120 mm after spheroidizing annealing according to various modes were determined. The results are shown in Table 6.



From the data in Table 5 and Figure 4, it follows that the most effective modes of spheroidizing annealing of the investigated round bars are No. 2, 4, and 5. It can be seen that under these modes, the maximum values of the ratio of globular and lamellar pearlite were achieved. However, from the data in Table 6, it follows that the mechanical properties of bar samples, which meet the requirements of EN10263-4 for steel of 32CrB4 grade (σB = 550 MPa, Ψ = 62%), are only achieved when using spheroidizing annealing modes No. 2 and No. 4.



Table 7 summarizes the characteristics of the microstructure of bars subjected to preliminary heat treatment before spheroidizing annealing. A typical view of the microstructure is shown in Figure 5.



From the data in Figure 5 and Table 7, it can be seen that by means of preliminary austenitization and subsequent cooling at various rates, samples of round bars with ferrite–pearlite, bainitic, and martensitic structures were obtained. Spheroidizing annealing of the obtained samples was carried out in the described tube furnace at a temperature of 730 °C for 4 h. The results of studying the characteristics of their microstructure after spheroidizing annealing are presented in Table 8 and Figure 6.



From the data in Table 8 and Figure 6, it follows that obtaining a bainitic or martensitic structure of bars before spheroidizing annealing makes it possible to increase the intensity of the pearlite globulization process. To determine the influence of the initial microstructure and modes of spheroidizing annealing on the mechanical properties of round bars, the mechanical properties of round bars of 21 mm in diameter with martensitic and bainitic structures were determined before and after annealing. The results are shown in Table 9.



It should be noted that the values of relative reduction after spheroidizing annealing of round bars with bainitic and martensitic structures are higher than for bars with the original ferrite–pearlite structure (Table 6). However, strength characteristics of rolled products subjected to spheroidizing annealing according to mode No. 2 (Table 9) exceed the requirements of EN10263-4 (σB less than 550 MPa) for rolled products made of steel of grade 32CrB4.




3.4. Assessment of Hardenability


In order to assess the hardenability of the investigated hot-rolled bar sections, the samples with a length of 120 mm and a diameter of 17 and 21 mm were quenched in oil after austenitization at 860 °C for 1 h. The results of microhardness measurements are shown in Figure 7.



From the data in Figure 7, it follows that during quenching in oil, the martensitic transformation of steel took place over the entire cross-section of round bars with a diameter of 17 and 21 mm. The obtained hardness values are in the range of 48 to 50 HRC, which fully meets the requirements of EN10263-4 for steel of 32CrB4 grade (46 HRC).



To establish the effect of the austenitizing regime on hardenability, the microhardness of rolled samples with a length of 120 mm and diameter of 21 mm after holding at 900 °C for 1 h was investigated according to the method described above. The results are shown in Figure 8.



From the data in Figure 8, it follows that after austenitizing in this mode and oil quenching, the hardness values, which are required in accordance with EN10263-4, are achieved along the entire cross-section of the rolled product. However, in this case, a noticeable decrease in hardness occurs, and in some areas of the metal, its values meet the minimum requirements. The noted circumstance indicates a significant increase in the grain size when using this mode of austenitization of the steel under study.




3.5. Assessment of the Possibility of Manufacturing High-Strength Fasteners


To assess the possibility of manufacturing high-strength fasteners of various strength classes from rolled steel of 32CrB4 grade, a study was made of the effect of the processes of quenching and tempering round bars on their mechanical properties. The results of the mechanical tests (Table 10) after tempering at various temperatures (400–550 °C) showed that such a possibility exists.





4. Discussion


The results of studying the effect of various modes of spheroidizing annealing on the microstructure of rolled 32CrB4 steel show that, when using temperatures above Ac1 in the two-phase region, followed by holding in the single-phase region (ferrite), it is possible to obtain a high fraction of spheroidized pearlite. At the same time, it can be assumed that there are ways to optimize the spheroidized annealing mode, in which a high fraction of spheroidized pearlite will be achieved for a shorter duration of heat treatment of the metal.



On the basis of the obtained results of studying the process of pearlite spheroidization and mechanical properties, three main zones of the studied temperatures can be distinguished: I—below Ac1 by 50–55 °C, II—below Ac1 by 10–15 °C, and III—above Ac1 by 5–20 °C. All variants of the studied modes according to the degree of their effectiveness can be displayed graphically (Figure 9).



From the data in Figure 9, it follows that annealing in regions I and III does not effectively spheroidize lamellar pearlite. Holding the metal in region II for 4 h makes it possible to obtain the fraction of globular pearlite up to 35%. Interesting results were obtained in long and short holdings in region III, followed by slow or accelerated cooling in region I. It can be seen that even short heating of the metal to the temperature of the existence of the two-phase region can significantly accelerate the process of pearlite spheroidization. Very similar results obtained using these modes suggest that the largest fraction of globular pearlite is formed when the metal is heated to temperatures above Ac1, even for a short time. For example, when using the annealing mode No. 5 (Table 2), the rolled samples were in the temperature range III–II for about 2–3 min, in the temperature range II–I for 7–8 min, and in area I, the remaining time was 4 h. The fraction of globular pearlite in the samples annealed according to mode No. 5 was 65%. It is important to note that the fraction of globular pearlite obtained after annealing the samples in region I without short-term heating to temperatures above Ac1 did not exceed 5%. Thus, it can be assumed that in the case of accelerated cooling after short-term holding in region III to temperatures close to Ac1 in region II, an increase in the globular pearlite fraction should follow, as evidenced by the results obtained after annealing (Table 5) according to mode No. 4. Thus, to reduce energy costs, it is advisable to study and analyze annealing modes that include a short stay of the metal in the two-phase region above Ac1 with the main holding at the temperature of ferrite stability.



An even more significant influence on the parameters of the mechanical properties of the produced high-strength fasteners is exerted by the parameters of austenitization, quenching, and subsequent tempering of steel. The results obtained show that their variation leads to a change in the strength characteristics, hardness, relative elongation, and reduction within a fairly wide range. Theoretically, it is possible to achieve the required set of values of these characteristics corresponding to all strength classes from 8.8 to 12.9. However, an increase in strength leads to a natural decrease in the ductility (elongation) of steel.



The results of mechanical tests after quenching and tempering of round bars indicate that there is a possibility of manufacturing fasteners of various strength classes from it in a wide range of values from 8.8 to 10.9. Since, for each strength class of fasteners in accordance with ISO 898-1, requirements are imposed on a whole range of indicators of mechanical properties in certain intervals, some values of mechanical properties were not achieved for strength classes 10.9 and 12.9. Therefore, we performed an analysis of the results obtained in order to establish the patterns of changes in mechanical properties from the tempering temperature and determine their optimal values. For this, a graphical analysis method was used.



Figure 10a shows the obtained temperature dependences of the ultimate strength and relative elongation, and Figure 10b shows the hardness HB of round bars after quenching on the tempering temperature.



Figure 10 shows that with an increase in the tempering temperature after quenching in oil, the elongation increases, and the tensile strength and hardness of bar sections decrease. Based on the requirements for high-strength fasteners according to ISO 898-1, the possibility of simultaneously achieving tensile strength indicators, relative elongation, and hardness was studied for 9.8. 10.9 and 12.9 classes. Figure 10 shows an example of the implementation of the algorithm of the graphical method for the determination of the possibility of achieving a complex of difficult-to-combine properties required for fasteners of 9.8 strength class in accordance with ISO 898-1. The indicators of relative reduction were not considered since, in the entire investigated temperature range, this characteristic of bar sections met the required values for all considered strength classes. According to ISO 898-1, the minimum elongation for fasteners with a 9.8 strength class is 10%. In accordance with this, the tempering temperature (537 ± 2 °C) was found in Figure 10a, at which the minimum relative elongation value required for fasteners of 9.8 strength class is reached. At this tempering temperature, the tensile strength of rolled products is 980 ± 10 MPa (Figure 10a). Similarly, from the data in Figure 10b, it was found that at a tempering temperature of 537 ± 2 °C, the steel has a hardness of 300HB, which meets the requirements of (286 HB) ISO 898-1. Thus, it was found that at a tempering temperature of 537 ± 2 °C, fasteners made from rolled 32CrB4 steel will meet the requirements of ISO 898-1 for fasteners with a 9.8 strength class. Using a similar algorithm, we found the maximum tempering temperature of 550 ± 2 °C, at which it is possible to obtain the necessary mechanical properties for fasteners of the 9.8 strength class.



The analysis of the possibility of manufacturing fasteners of 10.9 and 12.9 strength classes from 32CrB4 steel grade was carried out in a similar way. A confirmation has been found that the complex of metal properties required for the 10.9 strength class has been achieved, but for this, it is necessary to ensure the tempering temperature in a narrow range (510–515) ± 2 °C. According to the obtained dependencies (Figure 10), based on the results of studying bar sections from steel of the one chemical composition, it can be concluded that the manufacture of fasteners of the 12.9 strength class from 32CrB4steel is not possible.



Thus, it was found that an increase in the strength class of fasteners leads to a significant complication of the production technology since it requires maintaining an increasing number of parameters in narrow ranges of values. If the manufactured fasteners of the 8.8 strength class satisfied all the specified requirements with a significant margin, then in the case of the 10.9 class, there is a need to maintain the tempering temperature in a rather narrow range of values. With the guaranteed achievement of strength characteristics for fasteners of all strength classes, including 12.9, the problem arises of obtaining the required values of the relative elongation of steel. Thus, the considered steel of 32CrB4 grade, the disadvantages of which are noted above, is applicable for manufacturing fasteners of only 8.8, 9.8, and 10.9 strength classes. It should be noted that the research performed concerns batches of bar sections produced from steel of the same composition, one heat, and using only one austenitization mode. Therefore, the results obtained can serve as the basis for purposeful substantiation of the directions of subsequent research, including the development of new steels with an economical composition and optimal structural state for the effective implementation of the entire end-to-end technology for the production of round bars and the manufacture of high-strength fasteners.




5. Conclusions


The results of studying the characteristics of structural state elements and properties of hot-rolled round bars with diameters of 17 and 21 mm made of 32CrB4 steel allow a number of conclusions to be drawn. There is an insignificant depth of the decarburized layer, not exceeding 0.6% of the diameter, which indicates its predominant occurrence during the hot-rolling of steel. The main types of nonmetallic inclusions present are calcium-aluminate-based oxide inclusions, aluminum–magnesium spinel, as well as titanium nitride. Tests of bar sections after spheroidizing annealing for cold upsetting at 1/3 of the initial height of the cylindrical specimen showed a positive result. Consequently, the presence of nonmetallic inclusions in the investigated rolled products does not lead to a significant decrease in its quality characteristics.



The possibility of obtaining the necessary spheroidized ferrite–pearlite structure and, as a result, the level of mechanical properties of round bars made of 32CrB4 steel, has been established. The optimal modes are spheroidizing annealing at 730 °C (4 h) or cooling from 760 °C to 690 °C for 4 h. Obtaining a bainitic or martensitic structure of bar sections after hot-rolling of steel accelerates the process of pearlite spheroidization. Nevertheless, the process of pearlite spheroidization in 32CrB4 steel is difficult due to the formation of a significant fraction of ferrite in the structure during hot-rolling.



The steel of the 32CrB4 grade has a sufficiently high hardenability, which provides a completely martensitic structure over the entire cross-section of round bars with a diameter of 17 and 21 mm. The obtained hardness values are in the range from 48 to 50 HRC, which fully meets the requirements of EN10263-4 (46 HRC).



Austenitization at a temperature of 860 °C for 1 h for bar sections with a diameter of 17 and 21 mm made of from 32CrB4 steel followed by quenching in oil and tempering at temperatures from 400 to 550 °C only allows obtaining fasteners with strength classes of 8.8, 9.8, and 10.9. An increase in the strength class of fasteners leads to a significant complication of the production technology since it requires the maintenance of an increasing number of parameters in narrow ranges of values. If the manufactured fasteners of the 8.8 strength class satisfied all the specified requirements with a significant margin, then in the case of the 10.9 class, there is a need to maintain the tempering temperature in a rather narrow range of values. With the guaranteed achievement of strength characteristics for fasteners of all strength classes, including 12.9, the problem arises of obtaining the required values of the relative elongation of steel.
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Figure 1. View of the microstructure of round bars with a diameter of 17 mm (SEM) at various magnifications: (a) ×1000; (b) ×2000. 
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Figure 2. View of areas with partial decarburization of the surface of round bars with a diameter of 21 mm at various magnifications: (a) ×50; (b) ×200. 
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Figure 3. Typical view and composition of nonmetallic inclusions in round bars. The spectra correspond to the points indicated on the images. 
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Figure 4. View of the microstructure of samples of round bars of various diameters after spheroidizing annealing according to various modes: (a,b) Mode No. 1, 17 mm; (c,d) Mode No. 2, 17 mm; (e,f) Mode No. 3, 17 mm; (g,h) Mode No. 4, 21 mm; (i,j) Mode No. 5, 17 mm. 
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Figure 5. View of the microstructure of round bars with a diameter of 21 mm before spheroidizing annealing: (a) after furnace cooling; (b) after air cooling; (c) after oil quenching. 
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Figure 6. Microstructure of round bars after spheroidizing annealing with various preliminary microstructure: (a) ferrite–pearlite microstructure before annealing; (b) bainitic microstructure before annealing; (c) martensitic microstructure before annealing. 
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Figure 7. The results of determining the microhardness over the cross-section of round bars with a diameter of (a) 17 mm; (b) 21 mm. 
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Figure 8. Microhardness over the cross-section of round bars with a diameter of 21 mm after austenitizing at 900 °C and oil quenching. 
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Figure 9. Average values of the globular pearlite fraction in bar sections after various modes of spheroidizing annealing. 
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Figure 10. The established dependences of the properties of rolled products on the tempering temperature: (a) ultimate strength and elongation; (b) hardness. 
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Table 1. Chemical composition of investigated 32CrB4 steel (wt%).
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	C
	Si
	Mn
	S
	P
	Cr
	Ni
	Cu
	Mo
	Al
	Ti
	V
	B
	N
	Ca





	0.32
	0.21
	0.65
	0.003
	0.010
	0.91
	0.03
	0.04
	0.002
	0.024
	0.040
	0.005
	0.0024
	0.008
	0.0026
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Table 2. Parameters of the investigated modes of spheroidizing annealing.
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	Mode No.
	Temperature T1, °C
	Annealing Duration at T1, h
	Duration of Cooling to T2, h
	Temperature

T2, °C
	Annealing Duration at T2, h





	1
	700
	4
	-
	-
	



	2
	730
	4
	-
	-
	



	3
	760
	4
	-
	-
	



	4
	760
	-
	4
	690
	-



	5
	760
	-
	0.1
	690
	4
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Table 3. Mechanical properties of the original round bars.
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Batch No.

	
Diameter, mm

	
Mechanical Properties




	
σ0.2, MPa

	
σB, MPa

	
δ, %

	
Ψ, %






	
1

	
17

	
355

	
610

	
23

	
59




	
2

	
21

	
370

	
625

	
23

	
58











[image: Table] 





Table 4. The total oxygen and nitrogen content in round bars with a diameter of 21 mm.
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	Study Area
	Total Oxygen Content, ppm
	Total Nitrogen Content, ppm





	Axial zone
	25
	105



	Near-surface zone
	20
	110
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Table 5. Characteristics of the microstructure of round bars after spheroidizing annealing according to various modes.
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Mode No.

	
Diameter, mm

	
The Ratio of Globular and

Lamellar Pearlite, %

	
The Ratio of Perlite and Ferrite, %






	
1

	
17

	
5/95

	
35/65




	
21

	
5/95

	
35/65




	
2

	
17

	
35/65

	
50/50




	
21

	
35/65

	
50/50




	
3

	
17

	
5/95

	
50/50




	
21

	
5/95

	
50/50




	
4

	
17

	
80/20

	
75/25




	
21

	
80/20

	
75/25




	
5

	
17

	
65/35

	
75/25




	
21

	
65/35

	
75/25
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Table 6. Mechanical properties of samples of the investigated round bars with a diameter of 17 mm after spheroidizing annealing according to various modes.
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Batch No.

	
Mechanical Properties




	
σ0.2, MPa

	
σB, MPa

	
δ, %

	
Ψ, %






	
1

	
320

	
580

	
24.5

	
63




	
1

	
325

	
580

	
22.5

	
61




	
2

	
300

	
540

	
22.5

	
63




	
2

	
310

	
550

	
22.5

	
64




	
3

	
400

	
670

	
22.5

	
70




	
3

	
410

	
680

	
19.5

	
75




	
4

	
310

	
530

	
27.0

	
72




	
4

	
305

	
530

	
24.0

	
69




	
5

	
340

	
580

	
21.0

	
64




	
5

	
340

	
580

	
21.5

	
66
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Table 7. Characteristics of the microstructure of round bars after preliminary heat treatment before spheroidizing annealing.
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	Diameter, mm
	Preliminary Heat Treatment

after Austenitization
	Microstructure





	17
	Furnace cooling
	Ferrite–pearlite



	21
	Air quenching
	Bainite



	17
	Oil quenching
	Martensite



	21
	Furnace cooling
	Ferrite–pearlite



	17
	Air quenching
	Bainite



	21
	Oil quenching
	Martensite
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Table 8. Characteristics of the microstructure of round bars with a diameter of 17 mm after spheroidizing annealing with various preliminary microstructure.
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	Microstructure before Spheroidizing Annealing
	The Ratio of Globular and Lamellar Pearlite after Spheroidizing

Annealing, %
	The Ratio of Perlite and Ferrite, %





	Ferrite–pearlite
	85/15
	75/25



	Bainite
	95/5
	100/0



	Martensite
	100/0
	100/0
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Table 9. Mechanical properties of round bars with a diameter of 21 mm before and after spheroidizing annealing.
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Initial

Microstructure

	
Heat Treatment

	
Mechanical Properties




	
σ0.2, MPa

	
σB, MPa

	
δ, %

	
Ψ, %






	
Bainite

	
Without treatment

	
480

	
710

	
15.0

	
74




	
Mode No. 2

	
360

	
570

	
18.5

	
71




	
Martensite

	
Without treatment

	
1370

	
1920

	
5.0

	
54




	
Mode No. 2

	
500

	
610

	
17.0

	
75











[image: Table] 





Table 10. Mechanical properties of round bars after tempering in various modes.
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Diameter, mm

	
Tempering Temperatures, °C

	
Mechanical Properties




	
σ0.2, MPa

	
σB, MPa

	
δ, %

	
Ψ, %






	
17

	
400

	
1350

	
1440

	
5.2

	
59




	
21

	
400

	
1340

	
1440

	
5.5

	
61




	
17

	
425

	
1280

	
1370

	
6.9

	
62




	
21

	
425

	
1290

	
1370

	
6.3

	
61




	
17

	
450

	
1170

	
1240

	
6.7

	
63




	
21

	
450

	
1240

	
1280

	
6.5

	
63




	
17

	
500

	
1030

	
1080

	
8.1

	
65




	
21

	
500

	
1040

	
1090

	
7.9

	
63




	
17

	
550

	
860

	
940

	
11.0

	
70




	
21

	
550

	
830

	
910

	
11.0

	
71
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